Background: A detailed knowledge of the distribution of the main Anopheles malaria vectors in Kenya should guide national vector control strategies. However, contemporary spatial distributions of the locally dominant Anopheles vectors including Anopheles gambiae, Anopheles arabiensis, Anopheles merus, Anopheles funestus, Anopheles pharoensis and Anopheles nili are lacking. The methods and approaches used to assemble contemporary available data on the present distribution of the dominant malaria vectors in Kenya are presented here. Method: Primary empirical data from published and unpublished sources were identified for the period 1990 to 2009. Details recorded for each source included the first author, year of publication, report type, survey location name, month and year of survey, the main Anopheles species reported as present and the sampling and identification methods used. Survey locations were geo-positioned using national digital place name archives and on-line geo-referencing resources. The geo-located species-presence data were displayed and described administratively, using first-level administrative units (province), and biologically, based on the predicted spatial margins of Plasmodium falciparum transmission intensity in Kenya for the year 2009. Each geo-located survey site was assigned an urban or rural classification and attributed an altitude value. Results: A total of 498 spatially unique descriptions of Anopheles vector species across Kenya sampled between 1990 and 2009 were identified, 53% were obtained from published sources and further communications with authors. More than half (54%) of the sites surveyed were investigated since 2005. A total of 174 sites reported the presence of An. gambiae complex without identification of sibling species. Anopheles arabiensis and An. funestus were the most widely reported at 244 and 265 spatially unique sites respectively with the former showing the most ubiquitous distribution nationally. Anopheles gambiae, An. arabiensis, An. funestus and An. pharoensis were reported at sites located in all the transmission intensity classes with more reports of An. gambiae in the highest transmission intensity areas than the very low transmission areas. Conclusion: A contemporary, spatially defined database of the main malaria vectors in Kenya provides a baseline for future compilations of data and helps identify areas where information is currently lacking. The data collated here are published alongside this paper where it may help guide future sampling location decisions, help with the planning of vector control suites nationally and encourage broader research inquiry into vector species niche modeling.
Background
Human malaria parasites are transmitted by mosquitoes of the genus Anopheles and their geographic distribution is the result of a complex interaction of biogeography, including biotic (e.g. competition and dispersal) and abiotic factors (e.g. climate and topography) that can vary in both time and space. Africa has over 140 recorded Anopheles species, of which at least eight are considered to be effective vectors of malaria [1, 2] . Two of the most efficient vectors of human malaria, Anopheles gambiae sensu stricto (hereafter An. gambiae) and Anopheles arabiensis [3] are members of the An. gambiae complex. Other recognized species of the complex are Anopheles merus, Anopheles melas, Anopheles quadriannulatus, Anopheles quadriannulatus B and Anopheles bwambae. Anopheles merus and An. melas are associated with salt-water with a localized distribution along the eastern and western coasts of Africa, respectively, while An. bwambae has only been found breeding in mineral springs in the Semliki forest in Uganda [4] . Anopheles quadriannulatus, found in south-east Africa [4] and An. quadriannulatus B, which has been described in Ethiopia [5] are not considered vectors of human malaria as they are generally zoophilic [4] . In addition to the An. gambiae complex, other species known to be important in malaria transmission in Africa include Anopheles nili, Anopheles moucheti and Anopheles funestus which belongs to the Funestus group of which there are two African subgroups (Funestus subgroup includes Anopheles aruni, Anopheles confusus, Anopheles funestus, Anopheles parensis, Anopheles vaneedeni; Rivulorum subgroup includes Anopheles brucei, Anopheles fuscivenosus, Anopheles rivulorum, and An. rivulorum-like species) [1, 6] . Other species, such as Anopheles paludis, Anopheles mascarensis and Anopheles hancocki play only a limited, secondary and localized role where they are found [7] .
Several of these vector species are found to occur in sympatry in much of Africa and their importance in malaria transmission varies depending on behaviour (e.g. biting activity, feeding and resting preferences), seasonal prevalence and vectorial capacity [4, 7] . These differences contribute to the varied malaria epidemiological patterns observed in Africa and, subsequently, different areas may require different tools and strategies for optimal vector control.
The main tools of vector control in many malaria endemic countries in Africa are based on reducing vector-human contact with insecticide-treated nets (ITNs), long-lasting insecticidal nets (LLINs) and indoor residual spraying (IRS). There is also renewed interest in integrated vector control approaches that can combine complimentary aspects of vector control and environmental management [8] [9] [10] [11] [12] [13] . One of the key elements outlined by the global strategic framework for integrated vector management (IVM) is for "an evidence-based decisionmaking approach which involves the adaptation of strategies and interventions to local vector ecology, epidemiology and resources that are guided by operational research and subject to routine monitoring and evaluation" [14] . A detailed knowledge and understanding of the malaria vector species' distribution, abundance, and behaviour is therefore relevant in understanding their role in malaria transmission and hence its control. Such baseline knowledge is also necessary in the monitoring and evaluation of the effects of control methods in an area and in the surveillance of insecticide resistance in vector species. Knowledge of the distribution of vectors in areas with no current malaria transmission is also important in defining where the potential for transmission exists, should malaria be introduced. Unfortunately, contemporary species distribution information is not readily available for many countries, especially on the African continent where malaria is among the leading causes of mortality and morbidity [15, 16] .
The last map of the distribution of Anopheles vectors in Kenya was published over 30 years ago and shows the distribution of the An. gambiae complex and An. funestus [17] (Figures 1a and 1b) . Various social, demographic and environmental changes have occurred in Kenya since its publication, which may have substantially influenced these vectors' distribution. Moreover, advanced species identification techniques have enabled several species complexes and groups to be identified to their sibling or sub-species, most significantly the An. gambiae complex. This is of relevance as these closely related species, which are difficult to distinguish morphologically, are known to vary in their ability to transmit malaria [4] . In addition, other malaria vector species found in Kenya, such as An. pharoensis and An. nili, are known to play a restricted role in malaria transmission and their national distribution has not been previously defined.
Kenya is fortunate to have had a productive malaria research community since the 1940s. The harnessing of data on anti-malarial drug sensitivity [18, 19] , health service providers [20] and malaria infection risks [21] into useable formats within a spatial dimension has become a priority of the Ministry of Public Health & Sanitations' Division of Malaria Control to define appropriate subnational strategies for malaria control through to 2017. This paper presents the methods and approaches used to assemble contemporary data on the modern day distribution of the dominant malaria vectors in Kenya. Knowledge of the local distributions of these species will help facilitate the application of appropriate modes of malaria control and maximize the use of limited resources.
Methods
A systematic collation of primary empirical occurrence data for the main malaria vectors in Kenya from published and unpublished sources was initiated in June 2008 to assemble a national database of the distribution of these vectors. Five malaria vector species, namely An. arabiensis, An. gambiae and An. merus of the An. gambiae complex, the combined sibling species of the An. funestus complex and An. nili, were selected as the main vector species in Kenya to be addressed. They are considered in a number of authoritative reviews [22] [23] [24] [25] [26] to be among the most important vectors of human malaria where they are found by virtue of their competence as vectors, average sporozoite rates, preference for feeding on humans and abundance [27] . Anopheles pharoensis was not universally considered a dominant vector species by these reviews but promoted for inclusion because of its local importance in Kenya [28, 29] . The aim was to define the spatial distribution of reported presence of these six vectors documented through entomological surveys since January 1990. This time limit was chosen to ensure that the data collected were representative of the contemporary distribution of these Anopheles vectors and included the most recent taxonomical classifications and the most accurate techniques for species identification.
Search strategy
The search strategy followed those general approaches developed by the Malaria Atlas Project (MAP) [30] and are outlined in detail elsewhere [27] . Briefly, the search was conducted using the following sequential approaches: i) an electronic search using online bibliographic archives, PubMed [31] and Web of Science [32] with "Anopheles*Kenya" as search terms to identify studies that sampled for anophelines. Additional searches were made within specific vector resources including AnoBase [33] , the Disease Vector Database [34] , Lifemapper [35] , Mapping Malaria Risk in Africa [36] and VectorBase [37] . Email alerts for all relevant citation websites including Malaria World [38] , Malaria in the News (Roll Back Malaria Partnership) [39] , Malaria Bulletin (USAID Environmental Health Project) [40] and BioMed Central [41] were set up to receive weekly updates of any new relevant articles; ii) a review of the Walter Reed Biosystematics Unit (WRBU) mosquito catalogue reference database [42] ; iii) a review of extensive paper archives of the Kenya Ministry of Public Health and Sanitation's Division of Vector Borne and Neglected Tropical Diseases (DVBNTD) in Nairobi; iv) a review of selected bibliographies [23] ; v) a review of postgraduate theses from the Department of Pathology at Kenyatta University in October 2009; and vi) direct contact with local research networks known to be active in vector research and/or control in Kenya to review the database and augment with personal data and/or identify known gaps.
Data abstraction
Reference source material was reviewed by RMO and MES to identify location-specific information for identified species. For each source, the first author, year of publication, and source/report type were recorded and specific details relating to the vector surveys were extracted, including the survey date, duration of the sampling effort in months, the sampling method (larval searches, indoor house catches, baited traps etc), primary identification methods (e.g. morphology to identify a species complex) and further identification (e.g. PCR methods to identify sibling species within a species complex). Mosquito abundance, sporozoite rates, blood meal identification or gravidity were not recorded as the objective was only to define species presence. Moreover, the methods reported for more detailed vector dynamics were both variable and incomplete across the series. Given the location of several national malaria research groups, there are some communities where multiple records exist through time. Only the most recent data from each community were included, given the dynamics of change reported in vector species composition over the last ten years in East Africa [43, 44] .
Geo-positioning of surveyed locations
Survey location data provided in the source material were used in combination with digital place name archives and on-line geo-reference resources to provide a digital longitude, latitude and extent for each survey site. The digital resources, based on Global Positioning System (GPS) defined locations, included a national schools database developed through a mapping project in 2008 by the Ministry of Education [45] ; a database of settlements connected to the classified motorable road network compiled as part of a road mapping project by the Ministry of Roads and Public Works [46] ; and a variety of smaller databases developed as part of research projects or development programmes. In addition, a database of villages digitized from topographical maps in 2002 was obtained from the International Livestock Research Institute. These databases were used to geo-position survey locations with priority given to the GPS sources. Where survey locations could not be geopositioned from any of these national databases, digital databases such as Microsoft Encarta [47] , Google Earth [48] , the GEOnet Names Server [49] and Global Gazetteer [50] were used (see [27] for details). A database of enumeration areas for the 1999 census obtained from the Kenya National Bureau of Statistics was used as a final source if survey locations could not be found. Survey location extents were classified as points if they could be positioned to an area ≤ 10 km 2 ; a wide area (>10 km 2 to <25 km 2 ); or polygon (≥ 25 km 2 ) [51] .
Data displays and summaries
All geo-located species-presence data were displayed in ArcGIS 9.2 (ESRI, Redlands, CA, USA). Two descriptions of spatial distributions were used to summarize the available data between 1990 and 2009: administrative and biological. First, digital boundary files were created for the first-level administrative units (province) to display and describe the distribution of vector species information. Second, the spatial margins of the 2009 predictions of P. falciparum transmission intensity, modeled at 1 × 1 km resolutions on the basis of a community-based parasite prevalence in children aged two to ten years (PfPR 2-10 ), were used to classify entomological survey data locations and displayed by PfPR 2-10 > = 40%; PfPR 2-10 between 5% and 39%; PfPR 2-10 between 0.1% and 5%; and PfPR 2-10 < 0.1% [21] . Urban-rural classifications of survey locations followed criteria described elsewhere [21] and were defined by the urban-rural extents used during the 1999 national census definitions of enumeration areas (EA) and digitized for the majority of the country [52] . Finally each point was attributed to an altitude value in meters above sea level using an altitude map of 30 × 30 m spatial resolution developed from satellite imagery by the Shuttle Radar Topography Mission (SRTM) project of the US National GeospatialIntelligence Agency (NGA) and the National Aeronautical and Space Administration (NASA), downloaded from Virtual Terrain Project [53] .
Results
The search strategy identified a total of 498 spatially unique descriptions of Anopheles vector species across Kenya sampled between 1990 and 2009. Of these, 265 (53%) of the site-specific data were obtained from peerreviewed published sources and further communications with authors, information on one site (0.2%) was identified from a conference abstract, eight sites (1.6%) were identified from five doctoral and masters theses, 27 sites (5.4%) from Ministry of Health reports, 21 sites (4.2%) from other reports and 176 sites (35%) from investigations undertaken by national research partners and provided as unpublished data to this project. Two hundred and sixty locations were surveyed for adult vectors using sampling methods including indoor pyrethrum spray catches, room searches, light traps or exit traps; 196 sites were investigated using only larval sampling from suspected breeding sites; and 42 sites were investigated using a combination of adult and larval vector sampling. Species identification was based only on morphological examinations at 194 (39%) sites, PCR methods (alone and in combination with other techniques) at 298 (60%) sites and DNA probes at only six sites. There was inadequate information or ambiguity concerning the precise community name of five sites (1%) so these could not be geo-located and were excluded from the descriptive analysis. One site recorded information across a large area in excess of 25 km 2 and was also excluded. The data spanned the entire time-series from 1990 through to 2009 ( Table 1 ). The majority of data (75%) described vector occurrence after 2000, with 266 (54%) of the sites recording information over the last five years (2005 -2009 inclusive). Despite a reasonably wide national distribution (Figure 2 ), data were inevitably over-distributed around malaria research centres and their study populations in Kilifi, Malindi, Kwale, Suba, Siaya, Bondo, Kisii and Gucha districts. These eight of the 49 district boundaries, defined in 1999 by the national census bureau, provided 311 (63%) of the sampled site-specific Anopheles presence data.
A total of 174 sites reported the presence of the An. gambiae complex without specification of the sibling species. One hundred and fifty three survey locations reported the presence of An. gambiae and these were largely located in areas of Western and Nyanza Provinces closest to Lake Victoria and in the Coast Province with few presences reported in the more central regions of the country (Table 1; Figure 3a ). Of these reports 17 An. gambiae were identified using morphology only with the remainder identified using speciesspecific chromosomal PCR and cytogenetic techniques involving analysis of polytene chromosome banding patterns (CBS). The majority (120, 78%) of reported An. gambiae presences were based on adult catches.
Anopheles arabiensis was more ubiquitous in its reported distribution with observations along the coast, across Western Kenya and central Kenya including the arid areas of the north west in Turkana district (Table  1 ; Figure 3b) , with 244 unique spatial incidences of this sibling species reported since 1990. Anopheles arabiensis larvae were sampled at 124 (51%) sites, adult catches were conducted at 110 (45%) sites and a combination of larval and adult sampling methods were used at ten (4%) sites. Fourteen (6%) An. arabiensis samples were identified by morphological examination alone, 224 (92%) were identified using PCR and samples from six sites used DNA probes (Table 1) . Anopheles merus was reported at 27 sites between 1990 and 2008, all of which were located on the Kenyan coast reflecting the salt water larval conditions associated with this species. The majority of reported samples were adults identified using PCR (Table 1 ; Figure 3c ).
Besides the An. gambiae complex, An. funestus complex was also widely reported, being identified at a total of 265 sites distributed at the Coast, in central regions and, more frequently than other Anopheles, in the highland areas distal to Lake Victoria in Western and Nyanza Provinces (Table 1; Figure 3d ). The majority of An. funestus complex positive sites were from adult catches (68%). Fewer studies (19%) reported larval survey results and only 14% of reported occurrences were based on a combination of adult and larval surveys. Information on the sibling species for this vector was not widely reported and it is therefore presented here as the complex. Morphological identification was used for samples from 139 (52%) sites, PCR at 121 (46%) sites and DNA probes at five (2%) sites. Anopheles nili and An. pharoensis were rarely documented in the assembled vector studies (Table 1) . Anopheles pharoensis were identified from 37 sites in districts along the coast (14 sites), at four sites in Kirinyaga District in Central Province, at one site in Mbeere District in Eastern Province and from 18 sites in Nyanza Province including Suba, Nyando, Kisumu and Bondo districts. Seventeen studies identified this vector using morphology and the remainder used PCR. Anopheles nili was only found in ten sites where it was identified morphologically from adult catches. Nine of these sites were at Kilifi on the Kenyan Coast and one was in Kirinyaga in Central Province.
From peer-reviewed sources, other anopheline species documented included Anopheles christyi, Anopheles coustani, Anopheles demeilloni, Anopheles gibbinsi, Anopheles harperi, Anopheles implexus, Anopheles maculipalpis, Anopheles marshalli, Anopheles pretoriensis, Anopheles rufipes, Anopheles squamosus, Anopheles swahilicus, Anopheles theileri, Anopheles wilsoni and Anopheles ziemanni, none of which are considered as important or primary vectors in Africa [22] [23] [24] [25] [26] .
Of the 492 sites where vector data were documented, 53 were classified as urban extents. Interestingly, 20 (38%) of these documented the presence of An. gambiae including Kisumu, Kisii, Kilifi and Malindi towns. Twenty-six urban sites (49%) reported the presence of An. arabiensis, five sites reported the presence of An. melas at the coast and 23 (43%) sites reported the presence of An. funestus complex. At the 58 sites located in the lowest transmission intensity class (PfPR 2-10 < 0.1%; Figure 2 ) five (9%) reports of An. gambiae were documented while 50 (86%) of the sites reported An. arabiensis and 23 (40%) reported the presence of An. funestus complex. There were 121 sites of vector occurrence in areas of the highest malaria transmission intensity, with predicted PfPR 2-10 > = 40% (Figure 2 ). Here 49 (40%) documented the presence of An. gambiae, 68 (56%) sites reported the presence of An. arabiensis and 54 (45%) sites reported the presence of An. funestus complex. Thirteen locations were situated higher than 2,000 m above sea level and An. gambiae, An. arabiensis and An. funestus complex were all identified at these altitudes.
Discussion
There have been a number of efforts to assemble information on the spatial distributions of dominant malaria vectors regionally [26, 54, 55] and to model vector distributions at a continental scale [34, [56] [57] [58] . These databases, however, are limited in their spatial scope of information for national-level vector distribution mapping, modeling and decision-making. At national scales there have been more intensive efforts to map the distributions of major malaria vectors, for example, in Nigeria [59] , Mali [60, 61] , Mauritania [62] , Niger [63] , Eritrea [64, 65] and Cameroon [66] . This nascent literature on national mapping of malaria vectors signals a growing recognition that these data are necessary to design, monitor and tailor future control options.
In Kenya, the last national malaria vector map was generated using survey data of unknown origin in 1974 [17] (Figure 1) . The contemporary database presented here details the distribution of malaria vector species from 492 unique spatial locations across Kenya from surveys undertaken since 1990. These data show that where adult and larval vectors have been identified, the most widespread Anopheles species are An. arabiensis and An. funestus complex, identified across most provinces, transmission intensities and urban-rural extents of Kenya (Table 1; Figures 3b and 3d) . The spatial occurrence of the three most dominant vectors vary between different classifications of transmission intensity, for example, An. gambiae was documented more often in areas with the highest transmission intensity, with less frequent reports at sites in very low transmission areas. The ubiquitous extent of An. arabiensis in both urban and rural settings has important implications for the broader success of vector control approaches promoted in Kenya. Anopheles arabiensis is a vector that predominantly rests outdoors with a general preference for biting animals, which may have implications for the expansion of IRS into areas where transmission intensity is high and demands accelerated attacks on the vectorial capacity [67] . There are also suggestions that this sibling species of the An. gambiae complex is beginning to dominate over An. gambiae in recent years, coincidental with expanded ITN coverage across East Africa (Nabie Bayoh, personal communication). The reports of An. gambiae in urban areas are particularly striking, based on accepted knowledge of this species' habitat, however this may reflect differences in the definition of "urban" found in previous literature that describe the relative absence of this vector in urban settlements [68] [69] [70] or may suggest that this dogma is incorrect in a Kenyan context [71, 72] .
Assembling a contemporary, spatially defined database of malaria vector occurrence provides the platform for more systematic future compilations of data and serves as a means to identify areas where information is currently lacking. Notable perhaps is the lack of information on the presence of malaria vectors from areas where transmission intensity is moderate-to-high where there appear to have been no reported entomological surveys over the last 20 years. These include areas located along the Tana River (an area of known transmission dividing Eastern and North Eastern provinces) and the entire region of North Eastern Kenya ( Figure 2 ). As expected, across areas of traditionally very low transmission, there have been relatively few surveys of the endemic malaria vector populations possibly because they are difficult to undertake where vector abundance is low, acutely seasonal or spatially over-dispersed. Nevertheless knowledge of vector distribution, composition and bionomics is still valuable in helping to guide vector control recommendations in these otherwise neglected areas.
The database described here only includes vector presence data, as true absences can be difficult to classify unless reports specifically mention that a vector had not been found. Presence-only data provides a challenge for those geo-spatial mapping techniques aimed at predicting vector distributions across areas with no data. Most species mapping techniques currently available (reviewed in [73] ) relate species occurrence records to environmental variables retrieved from those locations and use these relationships to predict the probability of presence at un-sampled locations where equivalent environmental conditions occur [74, 75] . A major assumption of these techniques is that the distribution of occurrence records sampled is representative of the species niche, which is rarely the case when models are applied at a national scale. The reliability of vector species maps could be greatly improved with a more systematic, randomly sampled national level reconnaissance using systematic standardized approaches to collection and species identification. It was notable that for 174 sites it was not possible to refine information below the An. gambiae species complex. With the known diversity in bionomics between sibling species, detailed sibling-specific data are needed to ensure the application of successful and targeted vector control. An issue that could be easily surmountable with the adoption of standardized techniques for speciation included in all national surveillance programs. Rapid vector surveillance methods should be guided by the geographical distribution of existing occurrence records to design sampling frames and increase the fidelity, temporal and spatial resolutions of key vector intelligence. In this vein, it is hoped that future surveys will benefit from this current study and from work in progress predicting the species range of 41 global dominant Anopheles vector species, currently being undertaken as part of the wider activities of the Malaria Atlas Project [27] .
The data described here are available for wider use by the national malaria control programme and its partners under the similar principles of spatial data assembly and archiving completed for health facility locations [20] and parasite prevalence among communities across Kenya [21] . Providing open access to data assemblies will hopefully encourage investigations into areas of poor data, stimulate interest in and promote the design of a systematic national vector sampling program whilst providing a platform for future data sharing. This latter point is of particular importance as for this study, the research community were, in the most part, generous in sharing unpublished data, with only a few exceptions who considered data sharing a threat to their own scientific output. All the assembled data accompanying this publication has been released into the public domain [76] for use by the wider research and control communities.
